INTRODUCTION
============

Protein misfolding occurs spontaneously under normal physiological conditions, but conditions such as genetic mutations, environmental insults, and oxidative stress also stimulate it. Misfolded proteins are cytotoxic, but cells have developed protein quality control systems to restore correct protein folding or degrade misfolded proteins. The chaperone network prevents aggregation of misfolded proteins and assists correct refolding ([@B16]). If refolding fails, misfolded proteins can be modified by ubiquitination, which leads to their degradation by the ubiquitin proteasome system ([@B49]). Moreover, misfolded proteins can form inclusion bodies (IBs) that are cleared by lysosomes ([@B23]). For example, in patients with Huntington's disease (HD), neuron cells have IBs that contain misfolded huntingtin ([@B7]). Increasing evidence suggests that compromised cellular capacity to dispose misfolded proteins directly contributes to the onset of numerous neurodegenerative diseases.

HD is a neurodegenerative disease with symptoms such as frontal cognitive deﬁcits and involuntary abnormal movements ([@B51]). This disease is attributed to the expansion of CAG repeat (encoding glutamine) within the exon 1 of the huntingtin (HTT) gene, which causes terminal misfolding of the Htt protein. The HTT gene in normal individuals has 6--35 CAG repeats (polyQ), but expansions of \>40 CAG repeats in the HTT gene cause HD ([@B2]). The sequestration of misfolded proteins into IBs is believed to alleviate their cytotoxicity and facilitate their disposal by lysosomes ([@B6]; [@B48]).

The huntingtin gene locus in the human genome spans 180 kb and consists of 67 exons. The transgenic R6/2 mouse is the most commonly used animal model of HD and expresses N-terminally truncated mutant human Htt with 125 polyQ repeats within exon 1. R6/2 mice develop HD-like symptoms, including motor and cognitive deficits ([@B32]). Expression of truncated Htt with polyQ expansion and a proline-rich domain is sufficient to induce protein aggregation in vitro ([@B36]). Of interest, expression of this fragment in yeast and mammalian cells also results in IB (aggresome) formation, and this expression is well tolerated. However, expression of this Htt fragment lacking the proline-rich domain fails to form IBs and causes cytotoxicity in yeast cells, supporting the notion that IB formation alleviates the cytotoxicity of misfolded proteins ([@B22]; [@B35]; [@B53]). The capability of IB formation makes yeast an ideal model organism in which to study the biological processes of IB formation because of the availability of numerous genetic tools for yeast.

Previous studies indicate the ubiquitination of mutated Htt proteins. Striatum from HD brains showed elevated levels of ubiquitinated Htt N-terminal fragments ([@B34]). The N-terminal domain of Htt with 44 polyQ repeats interacts with ubiquitination enzymes, which may contribute to Htt ubiquitination ([@B20]). The three lysine residues in the N-terminus of Htt are responsible for this modification, but the same residues are also subject to SUMOylation ([@B40]). SUMOylation stabilizes Htt and reduces its ability to form aggregates, presumably by competing for ubiquitination. Recent evidence indicates that K48-linked ubiquitination of the N-terminal Htt fragments leads to proteasome-mediated degradation. However, in HD knock-in mice, aging decreases K48-linked ubiquitination and proteasome-mediated degradation of mutated Htt, whereas it increases K63-linked ubiquitination, indicating the complexity of the ubiquitination of misfolded proteins ([@B3]).

Ubiquitinated proteins can be degraded through direct binding to proteasome receptors such as Rpn10 and Rpn13 ([@B19]). Ubiquitinated proteins can also interact with ubiquitin-like domain (UBL)--ubiquitin-associated (UBA) receptors, which subsequently transport the client proteins to proteasomes for degradation. UBL-UBA proteins contain an N-terminal UBL and either one or two UBA domains at the C-terminal ([@B21]). Previous work indicates that the human UBL-UBA proteins ubiquilin 1 and 2 are associated with various pathological inclusions, and mutations in ubiquilin 2 cause inherited amyotrophic lateral sclerosis ([@B10]; [@B11]). Other studies suggest that ubiquilin 2 preferentially associates with Htt-polyQ aggregates compared with other protein inclusions ([@B12]; [@B54]; [@B39]). Some work indicated that ubiquilin proteins transport ubiquitinated substrates to the proteasome for degradation ([@B54]), and other research suggested that ubiquilin proteins facilitate IB formation, which may promote lysosome-medicated protein clearance ([@B18]). However, the molecular function of ubiquilin proteins in proteasome- or lysosome-mediated clearance of misfolded proteins remains largely unknown.

Here we used Htt exon 1 with 103-polyQ expansion and the proline-rich region (Htt103QP) as a model substrate to study the function of yeast ubiquilin, Dsk2, in the clearance of misfolded proteins. We found that *dsk2*Δ mutants exhibited slow growth and failed to form IB efficiently when Htt103QP was overexpressed. Our results indicate that the UBL domain of Dsk2 provides the functional specificity in Htt103QP IB formation. Surprisingly, Dsk2 is dispensable for proteasome-mediated protein degradation but is required for efficient delivery of Htt103QP into vacuoles (lysosomes), indicating that ubiquilin/Dsk2 facilitates lysosome-mediated clearance of mutated Htt by promoting IB formation. Furthermore, the rescue of the *dsk2*Δ mutant phenotype by human ubiquilin 1 and 2 indicates the functional conservation of this protein family.

RESULTS
=======

Dsk2 is required for mutated huntingtin inclusion body formation in budding yeast
---------------------------------------------------------------------------------

IB formation is believed to be cytoprotective because it sequesters toxic misfolded proteins ([@B53]; [@B15]). In budding yeast, expression of mutated Htt with polyQ expansion leads to IB formation, but failure in this process causes toxicity to yeast cells ([@B13]; [@B53]). Therefore we speculated that yeast mutants with defective IB formation should exhibit slow growth when mutated Htt is expressed. In this context, we constructed a yeast strain harboring *mfa1:PMFA1-Sphis5^+^* and an integrated plasmid that contains Htt with 103-polyQ expansion and the proline-rich region (Htt103QP). This Htt fragment was tagged with Flag at the N-terminus and green fluorescent protein (GFP) at the C-terminus and is under control of a galactose promoter (*P~GAL~Flag-Htt103QP-GFP*; hereafter Htt103QP). This strain was crossed with all of the ∼4800 yeast deletion mutants from ATCC (Manassas, VA), and the haploid cells (MATa) containing a gene deletion and Htt103QP were selected ([@B46]; [@B9]). The resulting ∼4800 mutants with Htt103QP were examined for their growth on glucose and galactose plates ([Figure 1A](#F1){ref-type="fig"}). We also used a query strain with *P~GAL~-CLB5* as a control to exclude the mutants that fail to grow on galactose plates. IB formation of the selected strains was examined after Htt103QP induction. From this genome-wide screen, we identified some yeast mutants that exhibited slow growth on galactose plates and an IB formation defect, including *dsk2*Δ mutants.

![The absence of Dsk2 results in defects in Htt103QP IB formation. (A) The identification of yeast mutants sensitive to Htt103QP overexpression. About 4800 yeast deletion mutants with *P~GAL~-Flag-Htt103QP-GFP* (Htt103QP) were spotted onto glucose or galactose plates for growth assay. After 2 d of incubation at 30°C, the growth was examined. (B) *dsk2*Δ mutants are sensitive to Htt103QP overexpression. WT and *dsk2*Δ, *rad23*Δ, and *ddi1*Δ mutant cells were grown to saturation, 10-fold diluted, and spotted onto glucose and galactose plates for 2 d of incubation at 30°C. (C) *dsk2*Δ mutant cells exhibit defective Htt103QP IB formation. WT and *dsk2*∆, *rad23*∆, and *ddi1*∆ mutant cells with Htt103QP were grown in galactose medium at 30°C for 12 h to induce Htt103QP expression. Top, fluorescence microscopy, the GFP signal in representative cells. Bottom, percentage of cells with different patterns of Htt103QP-GFP signal (*n* \> 100). The result is the average of three independent experiments. Scale bar, 5 μm. (D) *dsk2*∆ mutant cells show more soluble Htt103QP. Cells were grown in galactose medium at 30°C for 12 h to prepare cell lysates using a bead beater. The cell lysates were centrifuged and divided into detergent-soluble (supernatant) and detergent-insoluble (pellet) fractions. Htt103QP protein levels were determined by Western blotting with anti-GFP antibody. The Pgk1 levels are used as a loading control.](2025fig1){#F1}

Dsk2, Rad23, and Ddi1 are the three UBL-UBA proteins in budding yeast that function as ubiquitin receptors to transport ubiquitinated proteins to the proteasome ([@B21]). To our surprise, we did not identify *rad23*Δ and *ddi1*Δ mutants from this screen. Therefore we first compared the growth of these three mutants and wild-type (WT) cells containing Htt103QP on glucose and galactose plates. Consistent with our screen, we noticed the slow growth of *dsk2*Δ mutants on galactose plates, but *rad23*Δ and *ddi1*Δ mutants grew similarly to WT cells ([Figure 1B](#F1){ref-type="fig"}), indicating distinct roles of these three UBL-UBA proteins in response to the expression of Htt103QP. Next we examined the GFP signal in *dsk2*Δ, *rad23*Δ, and *ddi1*Δ mutants after induction of Htt103QP-GFP expression in galactose medium at 30°C for 12 h. Most of the WT cells (\>80%) showed one bright GFP aggregate with variable sizes. *rad23*Δ and *ddi1*Δ mutant cells exhibited a similar phenotype as WT cells, but only 54% of *dsk2*Δ mutant cells showed a single GFP aggregate. Some *dsk2*Δ cells showed multiple tiny GFP aggregates or a mixture of tiny and big aggregates. Moreover, enhanced GFP background was observed in most *dsk2*∆ cells, indicating defective IB formation ([Figure 1C](#F1){ref-type="fig"}).

Previous work demonstrated enriched distribution of mutated Htt in the detergent-insoluble fraction, presumably due to IB formation ([@B44]; [@B15]). Moreover, the soluble mutated Htt oligomers before IB formation are cytotoxic ([@B42]; [@B24]). Therefore we examined Htt103QP protein levels in supernatant (soluble fraction) and pellet (insoluble fraction) from WT, *dsk2*Δ, *rad23*Δ, and *ddi1*Δ mutant cells after induction of Htt103QP expression for 12 h. In WT cells, the majority of Htt103QP was detected in the pellet fraction, which is consistent with efficient IB formation. However, much less Htt103QP protein was detected in the pellet fraction from *dsk2*Δ mutant cells. In clear contrast, *rad23*Δ and *ddi1*Δ mutants showed similar distribution of Htt103QP as WT cells ([Figure 1D](#F1){ref-type="fig"}). Taken together, these results indicate that Dsk2 promotes Htt103QP IB formation in budding yeast, and we speculate that the defect in Htt103QP IB formation causes slow growth of *dsk2*Δ mutants on galactose plates.

The UBL domain of Dsk2 is essential for inclusion body formation
----------------------------------------------------------------

Our results suggest that Dsk2, but not Rad23 and Ddi1, is required for Htt103QP IB formation in yeast cells. Next we examined which domain of Dsk2 contributes to this unique function. Dsk2, Rad23, and Ddi1 contain a UBL and a UBA domain that binds to the proteasome and ubiquitinated proteins, respectively ([@B50]). In addition, Dsk2 contains a Sti1-like repeat sequence (STI), which is found in proteins that bind to heat shock chaperones ([@B5]; [@B25]). The STI domain in the human ubiquilin mediates the association with misfolded proteins ([@B41]). We deleted the UBL or STI domain from the yeast genome to generate *dsk2^UBL^*^Δ^ and *dsk2^STI^*^Δ^ mutants, respectively, and then examined the sensitivity of these mutants to Htt103QP overexpression, as well as IB formation ([Figure 2A](#F2){ref-type="fig"}). Because the UBA domain of Dsk2 has been shown to function as a stabilizing signal to protect Dsk2 from degradation ([@B17]), we did not generate a *dsk2* mutant with UBA deletion. Like *dsk2*Δ, *dsk2^UBL^*^Δ^ mutant cells with Htt103QP exhibited similar slow-growth phenotype on galactose plates, but *dsk2^STI^*^Δ^ mutant cells grew similarly to WT cells ([Figure 2B](#F2){ref-type="fig"}). Consistently, *dsk2^UBL^*^Δ^ mutant cells exhibited an obvious IB formation defect but one that was a little less dramatic than for *dsk2*Δ mutants. However, IB formation in *dsk2^STI^*^Δ^ mutant cells was similar to that in WT cells ([Figure 2C](#F2){ref-type="fig"}). We further examined the distribution of Htt103QP in the supernatant and pellet fractions in these *dsk2* mutants after Htt103QP induction for 12 h. Most of the Htt103QP was detected in the insoluble pellet fraction in WT cells, but much less Htt103QP was detected in the pellet fraction in *dsk2*Δ and *dsk2^UBL^*^Δ^ mutant cells. In contrast, *dsk2^STI^*^Δ^ mutant cells showed similar distribution of Htt103QP in supernatant and pellet fractions as WT cells, which is consistent with efficient IB formation ([Figure 2D](#F2){ref-type="fig"}). These data indicate that the UBL domain of Dsk2 is critical for its function in IB formation.

![Deletion of the *DSK2* UBL domain causes defective Htt103QP IB formation. (A) Schematic illustration of the domains of the yeast Dsk2 protein. (B) *dsk2^UBL^*^∆^ and *dsk2*∆ mutants show sick growth when Htt103QP is overexpressed. Cells were grown to saturation, 10-fold diluted, and spotted onto glucose and galactose plates for 2 d of incubation at 30°C. (C) *dsk2^UBL^*^∆^ mutants show defective Htt103QP IB formation similar to *dsk2*∆ mutants. WT and *dsk2*∆, *dsk2^UBL^*^Δ^, and *dsk^STI^*^Δ^ mutant cells with Htt103QP plasmid were grown in galactose medium for 12 h at 30°C to induce Htt103QP expression. Top, GFP signal in some representative cells by fluorescence microscopy. Bottom, percentage of cells with different patterns of GFP distribution (*n* \> 100). The result is the average of three separate experiments. Scale bar, 5 μm. (D) *dsk2^UBL^*^Δ^ and *dsk2*Δ mutants show more detergent-soluble Htt103QP. Cells with the indicated genotypes were grown in galactose medium for 12 h. Cell lysates were prepared and divided into detergent-soluble (supernatant) and -insoluble (pellet) fractions after centrifugation. Htt103QP protein levels were determined by Western blotting with anti-GFP antibody. Pgk1 levels were used as a loading control.](2025fig2){#F2}

It is possible that the unique role of Dsk2 in IB formation is due to the specific binding of Htt103QP to Dsk2 but not to Rad23 and Ddi1. Thus we examined the interaction between Htt103QP and these three UBL-UBA proteins. For this purpose, we generated strains expressing Flag-Htt103QP-GFP and Myc-tagged Dsk2, Rad23, or Ddi1. After induction of Htt103QP in galactose medium for 4 h, when a majority of the cells did not form IBs, the cells were collected to prepare cell lysates. The coimmunoprecipitation results using anti-Myc antibody showed that Htt103QP binds to Dsk2, Rad23, and Ddi1 with similar affinity ([Figure 3A](#F3){ref-type="fig"}). Therefore the function of Dsk2 in IB formation is unlikely to be attributed to its specific binding to Htt103QP.

![Cells expressing UBL^Dsk2^-Rad23 or UBL^Dsk2^-Ddi1 hybrid proteins show normal Htt103QP IB formation. (A) Dsk2, Rad23, and Ddi1 interact with Htt103QP. Cells expressing 13×Myc-tagged Dsk2, Rad23, or Ddi1, as well as Flag-Htt103QP, were grown in galactose medium at 30°C for 4 h. The cell lysates were pulled down with anti-Myc antibody. The protein levels of Myc-tagged Dsk2, Rad23, and Ddi1 and Flag-tagged Htt103QP in the cell lysates and immunoprecipitates were analyzed by Western blotting. (B) Schematic illustration of the domains in the constructed chimeras. To construct yeast strains expressing chimeras UBL^Dsk2^-Rad23 and UBL^Dsk2^-Ddi1, we replaced the C-terminal part of *DSK2* gene (except the UBL domain) from the yeast genome with the corresponding sections of *RAD23* and *DDI1* genes using PCR-based homologous recombination. The resulting strains express the chimeras from the endogenous *DSK2* promoter. (C) Cells expressing chimeras UBL^Dsk2^-Rad23 and UBL^Dsk2^-Ddi1 exhibit similar growth as WT cells when Htt103QP is overexpressed. WT, *dsk2*∆, *UBL^Dsk2^-RAD23*, and *UBL^Dsk2^-DDI1* cells with Htt103QP plasmid were grown to saturation, 10-fold diluted, and spotted onto glucose and galactose plates, which were incubated at 30°C for 2 d. (D) Cells expressing UBL^Dsk2^-Rad23 or UBL^Dsk2^-Ddi1 chimera show similar Htt103QP distribution in soluble and insoluble factions as WT cells. WT, *dsk2*∆, *UBL^Dsk2^-RAD23*, and *UBL^Dsk2^-DDI1* cells with Htt103QP plasmid were grown in galactose medium at 30°C for 12 h. Cells lysates from these cells were centrifuged and divided into detergent-soluble (supernatant) and -insoluble (pellet) fractions. Htt103QP protein levels were determined by Western blotting with anti-GFP antibody. Pgk1 levels are used as a loading control. (E) Cells expressing UBL^Dsk2^-Rad23 or UBL^Dsk2^-Ddi1 chimeras show similar Htt103QP IB formation as WT cells. WT, *dsk2*∆, *UBL^Dsk2^-RAD23*, and *UBL^Dsk2^-DDI1* cells with Htt103QP plasmid were grown in galactose medium for 12 h at 30°C to induce Htt103QP expression. Top, GFP signal in these cells by fluorescence microscopy. Bottom, average percentage of cells with different GFP distribution patterns (*n* \> 100). The results are the average of three separate experiments. Scale bar, 5 μm.](2025fig3){#F3}

To determine further the role of the Dsk2 UBL domain in IB formation, we generated yeast strains expressing chimeric proteins UBL^Dsk2^-Rad23 and UBL^Dsk2^-Ddi1, in which the C-terminal part, but not the UBL domain of *DSK2* gene, was replaced with the corresponding fractions of *RAD23* and *DDI1* genes ([Figure 3B](#F3){ref-type="fig"}). We directly replaced the C-terminal fraction of *DSK2* gene in the yeast genome with the PCR products of the corresponding *RAD23* and *DDI1* gene fragments that also contain a selectable marker. Therefore the resulting strains express chimeric genes *UBL^Dsk2^-RAD23* and *UBL^Dsk2^-DDI1* under the control of the endogenous *DSK2* promoter. We first examined the growth on galactose plates of these strains containing Htt103QP. Yeast cells expressing UBL^Dsk2^-Rad23 and UBL^Dsk2^-Ddi1 chimeras grew similarly to WT cells on galactose plates ([Figure 3C](#F3){ref-type="fig"}). Moreover, these cells showed efficient IB formation like WT cells ([Figure 3E](#F3){ref-type="fig"}). Finally, these cells also showed enriched distribution of Htt103QP in the pellet fraction like WT cells ([Figure 3D](#F3){ref-type="fig"}). Therefore our data support the conclusion that the UBL domain of Dsk2 contributes to its functional specificity in promoting Htt103QP IB formation.

Dsk2 is not required for proteasome-dependent degradation of Htt103QP
---------------------------------------------------------------------

UBL-UBA proteins transport ubiquitinated proteins to proteasomes for degradation ([@B29]). To test this possibility for Htt103QP, we first examined the protein stability of Htt103QP after a short period of induction, when no IB formation was noticed. We also examined the effect of the proteasome inhibitor MG132 on the stability of Htt103QP. To enhance MG132 permeability of yeast cells, we grew cells in medium containing 0.1% [l]{.smallcaps}-proline and added 0.003% SDS into the medium for 3 h before MG132 instillation as described ([@B27]). After Htt103QP induction in galactose medium for 1 h, glucose was added to the medium to shut off Htt103QP expression, and the Htt103QP protein level was analyzed over time. After 1 h of induction in galactose medium, the expression level of Htt103QP was high, but no IBs were observed. After addition of glucose in the medium, Htt103QP protein level declined over time, indicating efficient degradation. However, the presence of the proteasome inhibitor MG132 caused dramatic Htt103QP stabilization ([Figure 4A](#F4){ref-type="fig"}). Using the same protocol, we found that MG132 treatment delayed the degradation of S-phase cyclin Clb5 ([Figure 4B](#F4){ref-type="fig"}), indicating that MG132 inhibits proteasome activity under this experimental condition. Therefore Htt103QP is likely subject to proteasome-mediated degradation after a short period of induction.

![Htt103QP degradation after a short period of induction (1 h) is independent of Dsk2. (A) The degradation of Htt103QP after a short induction in the absence and presence of proteasome inhibitor. WT cells with Htt103QP plasmid growing in raffinose medium containing 0.1% [l]{.smallcaps}-proline at 30°C were pretreated with 0.003% SDS. After 3 h, dimethyl sulfoxide (DMSO) or 75 μM MG132 was added into the cultures. After incubation for 30 min, galactose (2%) was added into the medium to induce Htt103QP expression for 1 h. Finally, glucose (2%) was added into the cultures to shut off Htt103QP expression. The cells were collected over time to examine Htt103QP protein levels by Western blotting. Pgk1 levels were used as a loading control. Right, ratio change of Htt103QP to Pgk1 after Htt103QP expression shut-off. (B) Cell cycle protein Clb5 is stabilized in the presence of MG132. Yeast cells with Clb5-HA were treated as described. The Clb5 proteins levels were examined at the indicated time points after glucose addition. Right, ratio change. (C) *dsk2*Δ mutants show similar Htt103QP degradation kinetics as WT cells after a short induction. WT and *dsk2*Δ, *rad23*∆, and *ddi1*∆ mutant cells with Htt103QP plasmid were grown in 30°C raffinose medium to log phase, and then galactose (2%) was added to induce Htt103QP expression. After 1 h of induction, glucose (2%) was added into the medium to shut off Htt103QP expression. Cells were collected at the indicated times, and Htt103QP protein levels were determined by Western blotting with anti-GFP antibody. Pgk1, loading control. Right, ratio change of Htt103QP to Pgk1 after Htt103QP expression shut-off.](2025fig4){#F4}

Next we assessed whether UBL-UBA proteins facilitate Htt103QP degradation after a short induction. For this purpose, we compared the Htt103QP degradation kinetics in WT, *dsk2*Δ, *rad23*Δ, and *ddi1*Δ mutants after 1 h of induction. The Htt103QP levels decreased over time in WT cells after the induction was shut off by glucose ([Figure 4C](#F4){ref-type="fig"}). Of interest, *rad23*Δ but not *dsk2*Δ and *ddi1*Δ mutants showed compromised Htt103QP degradation ([Figure 4C](#F4){ref-type="fig"}). This result suggests that Dsk2 and Ddi1 are dispensable for Htt103QP degradation after a short induction, but that cells need Rad23 for efficient Htt103QP degradation, presumably by transporting Htt103QP to proteasomes.

The efficient degradation of Htt103QP proteins before IB formation is likely through the proteasome. IB formation is observed in yeast cells after Htt103QP induction for ∼5 h, and Htt103QP proteins inside IBs might be degraded via distinct mechanisms, such as autophagy-dependent vacuolar degradation. If that is the case, the IB formation defect in *dsk2*Δ cells will impede Htt103QP clearance through the autophagy pathway. To test this possibility, we first induced Flag-Htt103QP-GFP expression in galactose medium for 12 h, which led to IB formation in WT cells. Then we added glucose and hydroxyurea (HU) into the cultures to shut off Htt103QP expression and block the cell cycle. We examined the GFP signal over time. Before glucose addition, 80% of WT cells showed IB structure, but IB structure was present in only 17% of cells after glucose addition for 8 h, and no obvious GFP signal was observed in other cells. Before glucose addition, *dsk2*∆ cells exhibited less efficient IB formation (37%), but 38% of cells showed multiple GFP dots. After glucose addition for 8 h, 26% of *dsk2*∆ cells still showed GFP aggregates ([Figure 5A](#F5){ref-type="fig"}), indicating the less efficient clearance of Htt103QP-GFP in *dsk2*Δ mutants.

![Htt103QP degradation is compromised in *dsk2*Δ mutants after IB formation. (A) Delayed clearance of Htt103QP-GFP signal in *dsk2*Δ mutants after a long period of induction. WT and *dsk2*Δ mutant cells were grown in galactose medium for 12 h at 30°C. After addition of glucose (2%) and HU (200 mM) into the cultures to shut off Htt103QP expression and block cell cycle progression, cells were collected at the indicated time points to examine the GFP signal by fluorescence microscopy. Top, GFP signal in representative cells at 0, 4, and 8 h after glucose addition. Bottom, percentage of cells with different GFP patterns (*n* \> 100). Scale bar, 5 μm. (B) Htt103QP degradation kinetics in WT and *dsk2*Δ cells after a long induction. WT and *dsk2*Δ mutant cells with Htt103QP plasmid were grown in galactose medium for 12 h at 30°C. The cells were pretreated with 0.003% SDS for 3 h, and then DMSO or 75 μM MG132 was added into the cultures. After incubation for 30 min, glucose (2%) and HU (200 mM) were added into the medium to shut off Htt103QP expression and block cell cycle progression. Cells were collected at the indicated times, and Htt103QP protein levels were determined by Western blotting with anti-GFP antibody. Pgk1, loading control. Right, ratio change of Htt103QP to Pgk1 over time.](2025fig5){#F5}

We further compared Htt103QP protein level in WT and *dsk2*Δ mutants. After cells were grown in galactose for 12 h, the cells were pretreated with 0.003% SDS, followed by the addition of proteasome inhibitor MG132 into some cultures for 30 min. Glucose and HU were then added into the medium, and cells were collected to determine Htt103QP levels. In WT cells, Htt103QP protein levels decreased over time, and MG132 treatment delayed but did not block Htt103QP clearance ([Figure 5B](#F5){ref-type="fig"}), indicating that functional proteasomes may contribute partially to the clearance. *dsk2*∆ mutant cells exhibited delayed Htt103QP degradation even in the absence of MG132. The stabilization of Htt103QP was additive in *dsk2*Δ cells treated with MG132 ([Figure 5B](#F5){ref-type="fig"}). These results support the possibility that Dsk2 may promote Htt103QP clearance through a proteasome-independent mechanism.

Dsk2 promotes Htt103QP clearance through the autophagy pathway
--------------------------------------------------------------

Misfolded proteins are prone to aggregation, and the aggregates are resistant to proteasome-dependent proteolysis, but they can be delivered to lysosomes/vacuoles for disposal ([@B8]). To test this possibility for Htt103QP, we constructed a *VPH1-mApple* strain, as Vph1 is a vacuolar membrane protein ([@B47]). The fluorescence signal indicates the vacuole membrane localization of Vph1-mApple, but *VPH1-mApple* cells expressing Htt103QP showed a low frequency of mApple-GFP colocalization, which could be due to the vigorous degradation of Htt103QP-GFP inside the vacuole. Therefore we examined Htt103QP-GFP localization in *pep4*Δ *VPH1-mApple* cells, which lack the key vacuole protease Pep4 ([@B1]). The cells were grown in galactose medium for 12 h to induce Htt103QP expression, and the mApple and GFP signals were examined after addition of glucose and HU for 2 h. Strikingly, \>90% of cells exhibited colocalization of GFP with the vacuole (mApple; [Figure 6A](#F6){ref-type="fig"}). Vph1 exhibited the ring-like structure in WT cells described previously, but we found a homogeneous distribution of Vph1 inside the vacuole in *pep4*Δ cells. We speculate that vacuole membrane localization of Vph1 is dynamic, and Vph1 is degraded by the hydrolase Pep4 inside the vacuole; thus deletion of the *PEP4* gene leads to vacuolar Vph1 accumulation as for other vacuolar membrane proteins ([@B26]).

![The delivery of Htt103QP into vacuoles is autophagy dependent. (A) The vacuolar localization of Htt103QP-GFP in WT and *atg1*Δ and *atg8*Δ mutants. *pep4*Δ, *atg1*Δ *pep4*Δ, and *atg8*Δ *pep4*Δ cells expressing Vph1-mApple and Htt103QP were grown in galactose medium for 12 h, and then glucose (2%) and HU (200 mM) were added into the medium to shut off Htt103QP expression and block cell cycle progression. Two hours later, the cells were collected to examine GFP and mApple signals. Representative cell images are shown for the localization of Htt103QP-GFP and Vph1-mApple. Right, percentage of GFP-mApple colocalization (*n* \> 100). (B) Quantitative intensity analysis. Statistical dot plot of the intensity of GFP and mApple within the vacuole of WT and *atg1*Δ, and *atg8*Δ mutant cells (*n* = 20), as well as the medians (black bars). The *p* values are from the statistical comparison between WT and each mutant.](2025fig6){#F6}

The autophagy pathway is responsible for the clearance of misfolded proteins by delivering them to lysosomes/vacuoles for degradation. In this pathway, Atg8 is a ubiquitin-like protein that is anchored to the membrane of autophagosomes and likely mediates membrane fusion with the vacuole, whereas Atg1 is required for autophagy by promoting phagophore assembly ([@B55]). To test whether the vacuolar localization of Htt103QP is dependent on the autophagy pathway, we examined the vacuolar localization of Htt103QP-GFP in *atg1*Δ and *atg8*Δ cells. Strikingly, very few mutant cells showed obvious vacuolar GFP localization ([Figure 6A](#F6){ref-type="fig"}). Quantitative analysis also indicated a much weaker vacuolar GFP signal in *atg1*Δ and *atg8*Δ cells than in WT cells ([Figure 6B](#F6){ref-type="fig"}). Therefore the autophagy pathway is required for the delivery of Htt103QP proteins into the vacuole, supporting the conclusion that Htt103QP is subject to autophagy-dependent disposal after IB formation.

To determine the role of Dsk2 in vacuole-dependent disposal of Htt103QP, we compared the vacuolar localization of Htt103QP in *pep4*Δ and *dsk2*Δ *pep4*Δ cells. As described earlier, the cells were grown in galactose medium for 12 h. After addition of glucose and HU for 2 and 4 h, the cells were collected for fluorescence microscopy. At the 2-h time point, 95% of *pep4*Δ and 71% of *dsk2*Δ *pep4*Δ cells showed vacuolar GFP signal. At the 4-h time point, 83% of *pep4*Δ and 60% of *dsk2*Δ *pep4*Δ cells exhibited obvious vacuolar GFP signal ([Figure 7A](#F7){ref-type="fig"}). Consistently, more *dsk2*Δ cells showed cytoplasmic GFP aggregates without noticeable vacuolar GFP signal compared with WT cells. In addition, the vacuolar GFP signal in *dsk2*∆ mutants was much weaker than that in WT cells, as evidenced by the quantitative intensity of GFP and mApple signals ([Figure 7B](#F7){ref-type="fig"}). Therefore the delivery of Htt103QP-GFP into vacuoles is compromised in *dsk2*∆ mutant cells. We speculate that the IB formation defect in *dsk2*Δ mutants contributes to the failure of autophagy-dependent vacuole delivery of Htt103QP.

![The delivery of Htt103QP into vacuoles is compromised in *dsk2*Δ mutants. *pep4*Δ *VPH1-mApple* and *dsk2*Δ *pep4*Δ *VPH1-mApple* cells with Htt103QP plasmid were grown in galactose medium for 12 h, and then glucose (2%) and HU (200 mM) were added into the medium to shut off Htt103QP expression and block cell cycle progression. The cells were collected at 2 and 4 h after glucose addition to examine the GFP and mApple signals. (A) Representative cell images for the localization of Htt103QP-GFP and Vph1-mApple (2 h), as well as the percentage of the colocalization (*n* \> 100). (B) Statistical dot plot of the intensity of GFP and mApple signals within the vacuole of WT and *dsk2*Δ mutant cells (*n* = 20) and medians (black bars). The *p* values are from the statistical comparison between WT and *dsk2*Δ cells.](2025fig7){#F7}

Expression of human ubiquilin 1 and 2 restores Htt103QP inclusion body formation in *dsk2*Δ mutants
---------------------------------------------------------------------------------------------------

Human ubiquilin 1 and 2 are the yeast Dsk2 homologues and also contain UBL, STI, and UBA domains ([@B14]; [@B29]; [Figure 8A](#F8){ref-type="fig"}). Mutations in the two ubiquilin genes are linked to neurodegenerative diseases ([@B43]). To determine whether ubiquilin 1 and 2 have a conserved function like Dsk2 in IB formation, we constructed yeast-expressing plasmids for human ubiquilin 1 and 2 and then introduced them into *dsk2*Δ mutants. We found that expression of ubiquilin 1 and 2 suppressed the growth and IB formation defects in *dsk2*Δ mutants overexpressing Htt103QP ([Figure 8, B and C](#F8){ref-type="fig"}). In addition, more Htt103QP proteins were detected in the pellet fraction in *dsk2*Δ mutant cells with the ubiquilin plasmids than in *dsk2*Δ mutant cells ([Figure 8D](#F8){ref-type="fig"}). These results indicate that the function of ubiquilin proteins in IB formation is conserved from yeast to human.

![Human ubiquilin 1 and 2 suppress the phenotype of *dsk2*Δ mutants. (A) Schematic illustration of the domains in yeast Dsk2 and human ubiquilin (UBQLN) proteins. (B) Human ubiquilin 1 or ubiquilin 2 rescues the growth defect of *dsk2*Δ mutants expressing Htt103QP. WT and *dsk2*Δ and *dsk2*Δ mutants with plasmids containing human ubiquilin genes were grown to saturation, 10-fold diluted, and spotted onto synthetic glucose or galactose plates. The plates were incubated at 30°C for 2 d. (C) Human ubiquilin 1 or 2 restores Htt103QP IB formation in *dsk2*Δ mutants. The same strains were grown in synthetic medium containing galactose for 12 h at 30°C to induce Htt103QP expression. Top, GFP signal in representative cells. Bottom, average percentage of cells with different patterns of GFP distribution from three separate experiments (*n* \> 100). Scale bar, 5 μm. (D) Human ubiquilin 1 or 2 restores Htt103QP distribution in detergent-soluble/insoluble factions in *dsk2*Δ mutants. The same yeast strains were grown in galactose medium for 12 h at 30°C, and the cell lysates were centrifuged and separated into supernatant and pellet fractions. Htt103QP protein levels were determined by Western blotting with anti-GFP antibody. Pgk1, loading control.](2025fig8){#F8}

DISCUSSION
==========

In addition to proteasome-mediated protein degradation, lysosomes/vacuoles play a critical role in the clearance of misfolded proteins. However, it is not fully understood how misfolded proteins are packaged and delivered into lysosomes. Using misfolded Htt103QP as a model substrate, we demonstrated the role of yeast ubiquilin Dsk2 in IB formation. Surprisingly, Dsk2 is not required for Htt103QP degradation after a short induction before noticeable IB formation, but the clearance of Htt103QP after a long induction is impaired in *dsk2*Δ mutants, presumably due to less efficient IB formation. We observed vacuolar localization of Htt103QP that is dependent on the autophagy pathway, but *dsk2*∆ mutant cells showed significantly compromised vacuolar localization of Htt103QP. Therefore our data from budding yeast suggest that ubiquilin proteins promote autophagy-mediated clearance of misfolded proteins by facilitating IB formation. The suppression of the IB formation defect in *dsk2*Δ mutants by the expression of human ubiquilin proteins indicates the functional conservation of this protein family.

Ubiquilin proteins have been implicated in the pathogenesis of numerous neurodegenerative diseases ([@B43]). It appears that ubiquilin proteins play a critical role in maintaining proteostasis, but the mechanism remains elusive. The observation of delayed degradation of a proteasome substrate in ubiquilin 2 mutant cells supports the possibility that ubiquilin delivers ubiquitinated substrates to proteasome for degradation ([@B11]). However, we found that, after a short induction, the degradation of Htt103QP in *dsk2*Δ mutants is as efficient as in WT cells. We reason that ubiquilin/Dsk2 is dispensable for proteasome-mediated degradation of Htt103QP. In contrast, deletion of another UBL-UBA--encoding gene, *RAD23*, led to delayed degradation of Htt103QP after a short induction, suggesting that Rad23 likely transports ubiquitinated Htt103QP to proteasomes for degradation.

The UBA domain of Dsk2 protein is likely responsible for the interaction with ubiquitinated proteins ([@B37]). The interaction of Htt103QP with the three UBL-UBA proteins indicates that Htt103QP is likely ubiquitinated in budding yeast. Recent work found the ubiquitination of Htt103QP in yeast cells ([@B56]). Previous data show that huntingtin is phosphorylated at serine 13 and 16 by an inflammatory kinase IKK in mammalian cells, and this phosphorylation is essential for huntingtin ubiquitination ([@B45]). Because there is no IKK homologue in budding yeast, it is unclear how Htt103QP is ubiquitinated. One possibility is that a yeast kinase phosphorylates Htt103QP to allow its ubiquitination. Alternatively, Htt103QP could be ubiquitinated in budding yeast without phosphorylation, but further experiments are needed to test these possibilities.

The three UBL-UBA proteins in budding yeast are Dsk2, Rad23, and Ddi1. Although all three proteins show similar binding affinity to Htt103QP, only Dsk2 is required for Htt103QP IB formation. Moreover, expression of chimeric proteins containing the Dsk2 UBL domain and other domains of Rad23 or Ddi1 is able to promote IB formation. Therefore the UBL but not the UBA domain of Dsk2 contributes to its functional specificity in IB formation. It is possible that a unique interaction between the Dsk2 UBL domain and other proteins is responsible for this specificity. One candidate is the proteasome subunit Rpn10, an intrinsic ubiquitin receptor. The UBL domain of Dsk2 shows specific interaction with Rpn10. Unlike other proteasome proteins, Rpn10 is present in proteasome-bound and free forms. Previous work shows that overexpression of Dsk2 is toxic to yeast cells and results in increased accumulation of ubiquitin conjugates, but the effects of Dsk2 overexpression are alleviated by Rpn10 overexpression ([@B33]), most likely due to extraproteasomal Rpn10, which restricts Dsk2's access to the proteasome ([@B52]). Therefore the nonproteasomal Rpn10 may interact with Dsk2 to facilitate IB formation. However, we cannot exclude the possibility that the interaction of Dsk2 with proteasomal Rpn10 facilitates the degradation of other protein substrates but does not play a role in Htt103QP IB formation.

The colocalization of ubiquilin with autophagosome cargo protein p62/SQSTM indicates the potential role of ubiquilin in auto­phagy-mediated clearance of misfolded proteins ([@B4]; [@B38]). Using budding yeast as a model organism, we show that ubiquilin Dsk2 promotes the formation of Htt103QP IBs. Moreover, we demonstrate the essential role of the autophagy pathway in the delivery of Htt103QP into the vacuole, and this delivery process is significantly impaired in *dsk2*Δ cells. These results support the conclusion that Dsk2 promotes the clearance of Htt103QP through the autophagy pathway. However, the link between ubiquilin proteins and the autophagy pathway remains unclear. The ubiquitin-binding protein Cue5 was shown to mediate the clearance of polyQ proteins through autophagy ([@B30], [@B31]). It will be of interest to test the Cue5-Dsk2 interaction and investigate the role of ubiquilin/Dsk2 in the recruitment of misfolded proteins to the autophagy machinery. Together our results demonstrate that ubiquilin proteins promote IB formation and facilitate the clearance of mutated Htt through the autophagy pathway. Moreover, this mechanism is conserved from yeast to human cells.

MATERIALS AND METHODS
=====================

Strains, plasmids, and growth conditions
----------------------------------------

All of the yeast strains used in this study are isogenic to Y300, a W303 derivative. The relevant genotypes are listed in Supplemental Table S1. Gene deletions and epitope tagging were performed using a PCR-based protocol ([@B28]). The 13×Myc-tagged Dsk2, Rad23, and Ddi1, *dsk2^UBL^*^∆^ and *dsk2^STI1^*^∆^ domain-deletion mutants, and *UBL^Dsk2^-RAD23, UBL^Dsk2^-DDI1* chimeras were conﬁrmed with PCR. The Flag- and GFP-tagged Htt103QP fragment with galactose-inducible promoter (*P~GAL~FLAG-Htt103QP-GFP*) was originally from the Lindquist lab ([@B13]) and integrated into yeast genome. Ubiquilin 1 and 2--expressing plasmids were constructed by inserting the gene fragment of human ubiquilin 1 and 2 into a pRS415 vector. The plasmids p4458 FLAG-hPLIC-1 (ubiquilin 1) and p4455 FLAG-hPLIC-2 (ubiquilin 2), were originally from the Howley lab (Harvard Medical School; plasmids 8663 and 8661; Addgene, Cambridge, MA). Yeast extract/peptone medium supplied with raffinose, glucose, or galactose was used for the growth of yeast strains, except for those carrying plasmids.

Fluorescence image analysis
---------------------------

The analysis of Htt103QP IB formation in ﬁxed cells was carried out using a ﬂuorescence microscope (EVOS; Thermo Fisher Scientific, Waltham, MA). The cells were collected and fixed with 4% paraformaldehyde for 10 min at room temperature. Fluorescence signals from these cells were examined under a fluorescence microscope with a 60× objective.

Western blotting
----------------

Protein samples were prepared using an alkaline method and resolved by 10% SDS--PAGE. Anti-Myc antibody was purchased from Covance (Madison, WI); anti-Flag antibody was from Sigma-Aldrich (St. Louis, MO); anti-GFP antibody was from Santa Cruz Biotechnology (Santa Cruz, CA); and anti-Pgk1 antibody was from Molecular Probes (Eugene, OR). The horseradish peroxidase--conjugated goat anti-mouse immunoglobulin G secondary antibody was purchased from Jackson ImmunoResearch (West Grove, PA).

Protein fractionation assay
---------------------------

Cells expressing Htt103QP were collected and resuspended in RIPA buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 25 mM EDTA, 0.2% \[vol/vol\] Triton X-100) supplemented with protease inhibitors and phenylmethylsulfonyl fluoride and then broken using a bead beater. The lysates were centrifuged at 14,000 rpm for 30 min at 4°C to separate supernatant and pellet fractions, and the pellet was resuspended in 1× loading buffer (equal volume as the supernatant). Equal volumes of supernatant and pellet fractions were loaded and subject to Western blot analysis.

Coimmunoprecipitation assay
---------------------------

Cell cultures growing in galactose at 30°C for 4 h (to induce Htt103QP expression) were collected and washed once with water. After being resuspended in RIPA buffer (25 mM Tris, pH 7.5, 10 mM EDTA, 150 mM NaCl, and 0.05% Tween-20) supplied with protease inhibitors, cells were broken with a bead beater. The resulting cell extracts were incubated with primary antibody overnight at 4°C. The cell extracts were then incubated with protein A/G PLUS agarose beads (Santa Cruz Biotechnology) for 2 h at room temperature. After incubation, the beads were collected by centrifugation and washed three times with RIPA buffer supplied with protease inhibitors. After removal of RIPA buffer, protein loading buffer was added, and the protein samples were boiled for 5 min for Western blotting.

Statistical analysis
--------------------

Experimental data are expressed as mean ± SEM. The distribution of fluorescence intensity is compared between WT cells and *dsk2*Δ mutants by using the Mann--Whitney test (two tailed) and between WT cells and *atg1*Δ and *atg8*Δ mutants by using one-way analysis of variance, followed by a Dunnett's multiple comparison test to compare the difference between each of the mutants and WT cells. Differences with *p* \< 0.05 are considered statistically signiﬁcant.
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